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ABSTRACT

In the present work, helical carbon nanofiber-supported ZnO nanoparticles

(HCNFs@ZnO) were synthesized via the in situ growth method. In the

HCNFs@ZnO, ZnO nanoparticles exhibit an average size of ca. 30 nm and

evenly anchor on the surface of HCNFs. With the incorporation of HCNFs@ZnO

nanofiller into the nature rubber (NR), compared with the ZnO/NR composite

(standard sample), the vulcanization rate, tensile strength, elongation at break,

and modulus at 300% elongation of the HCNFs@ZnO/NR composite increase

by 41%, 14%, 11%, and 6%, respectively. In addition, HCNFs@ZnO/NR com-

posite also shows higher wet-skid resistance and lower rolling resistance com-

pared with commercial ZnO/NR composite. The excellent performance of

HCNFs@ZnO/NR composite should be ascribed to the fact that the HCNFs not

only conduce to inhibiting agglomeration of ZnO nanoparticles but also serve as

an efficient cure activator for sulfur vulcanization. This work showcases a

simple route to develop novel ZnO nanofiller for high-performance nature

rubber composites.

Handling Editor: Annela M. Seddon.

Address correspondence to E-mail: jyzcd@163.com

https://doi.org/10.1007/s10853-021-06612-8

J Mater Sci (2022) 57:1098–1110

Composites & nanocomposites

http://orcid.org/0000-0002-6130-4513
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-021-06612-8&amp;domain=pdf


GRAPHICAL ABSTRACT

Introduction

Rubber composites have become one of the essential

and irreplaceable materials for the national economy

and daily lives, and been widely used in automotive

tires, footwear, sealing elements, and so on [1–3]. To

get sufficient properties, various types of fillers, such

as ZnO, SiO2, and carbon black, must be added to

reinforce rubber composites during sulfur vulcan-

ization [4–6]. In this process, ZnO filler transforms to

zinc polysulfide complexes through successive reac-

tions with accelerator and sulfur and then bonds with

rubber chains to produce a 3D network structure

[7, 8]. Subsequently, ZnO filler is consumed contin-

uously until the sulfur vulcanization completes

[9–11]. Overall, ZnO filler as an activator not only

saves the sulfur dosage and the curing time, but also

improves the mechanical properties of rubber com-

posite [12–14]. As is well known, nanostructuring can

endow ZnO with a more reactive surface, thus fur-

ther enhancing the crosslinking efficiency due to the

maximization of the contact between ZnO and

accelerators in rubber composite [11, 15–17]. How-

ever, it is vital to inhibit the agglomeration of ZnO

nanoparticles during synthesis.

In recent years, compositing with carbon-sup-

ported materials, including carbon nanotubes

(CNTs), microcrystalline cellulose (MCC), graphene

oxide (GO), has become a universal strategy to

improve the dispersion of ZnO nanoparticles for

rubber manufacturing. For example, Liang et al. [18]

adopted a microreactor technology to prepare MCC-

ZnO hybrid by a microreactor technology. After

adding 5 phr MCC-ZnO hybrids, the abrasion loss of

the solution-polymerized styrene-butadiene rubber

composite (SSBR2557A) could decrease from 0.76 to

0.34 cm3. Xu et al. [19] synthesized GO-ZnO hybrid

by the method of electrostatic adsorption. Subse-

quently, the influences of GO–ZnO hybrid, GO ?

ZnO mixture, ZnO on the mechanical properties of

chloroprene rubber composite (CR) were further

investigated. It was found that GO–ZnO hybrid is an

effective nanofiller for improving hardness, tensile

strength, and modulus at 300% elongation of CR

composite.

Apart from the excellent physical properties and

the chemical resistance consistent with other carbon

materials [20–22], helical carbon nanofibers (HCNFs)

also display better elasticity and reversibility owing

to their unique helical structure [23, 24]. In the pre-

vious work, HCNFs were successfully synthesized

via a low-cost and simple catalytic chemical vapor
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deposition (CCVD) [25]. In addition, HCNFs were

also proved to be an effective rubber reinforcement

by our follow-up work [26, 27]. To the best of our

knowledge, however, there are no reports about the

preparation of HCNFs-supported ZnO hybrid

(HCNFs@ZnO) and its application in rubber

composites.

Herein, we fabricated HCNFs@ZnO hybrid using

zinc acetate dihydrate, diethylene glycol, HCNFs as

starting materials via in situ growth method. Subse-

quently, the as-synthesized HCNFs@ZnO hybrid as

nanofiller was used in the rubber composites. The

HCNFs@ZnO hybrid not only enhanced vulcaniza-

tion reaction but also improved mechanical proper-

ties of NR composite. The vulcanization rate, tensile

strength, elongation at break, and modulus at 300%

elongation of the HCNFs@ZnO/NR composite were

higher than those of conventional ZnO/NR com-

posite by 41%, 14%, 11%, and 6%, respectively. In

addition, the HCNFs@ZnO/NR composite also

exhibited excellent wet-skid resistance and low roll-

ing resistance. Generally, a novel HCNFs@ZnO

hybrid was developed in this work, which maybe is a

prospective nanofiller for rubber composites.

Experimental section

Materials

Copper tartrate (purity[ 99%) was pursued from

Tianjin Kemeou Chemical Reagent Co. Ltd. Zinc

acetate (ZA, purity[ 99%), diethylene glycol

(DG, purity[ 99%), and carbon black N330 (CB,

purity[ 99%) were obtained from Chengdu Kelong

Chemical Co. Ltd. Nature rubber (NR, purity[ 92%),

sulfur (S, purity 98%), commercial ZnO (c-ZnO,

purity[ 96%), stearic acid (SA), and 2,20-dibenzoth-

iazoledisulfde (DM, purity[ 99%) were supplied by

China Carbon Black Institute.

Synthesis of HCNFs@ZnO hybrid

HCNFs were obtained through catalytic chemical

vapor deposition (CCVD) according to our previous

research [25]. The synthesis of HCNFs@ZnO hybrid

with a mass ratio of 1:1 was described as follows.

Firstly, 2.2 g ZA and 500 mL of DG were dissolved

into 70 mL of deionized water and then heated at

170 �C in an oil bath until milky white appeared.

Afterward, the solution was kept for 12 h at room

temperature. Subsequently, 0.5 g of HCNFs was

added into the solution followed by ultrasonic oscil-

lation for 20 min and then heated at 170–180 �C in an

oil bath under stirring for 5 h. Next, the production

was filtered and washed repeatedly with deionized

water. Finally, the as-obtained black powder was

treated in a tube oven at 150 �C for 2 h to remove

impurities.

Preparation of HCNFs@ZnO/NR composites

Rubber composites were prepared by the mill-mix-

ing method according to ADTM D 3192: 2005, as per

Table 1. In the preparation process, the roller tem-

perature was kept at 70 �C, and the total run time

was maintained at 17 min. The pure NR was placed

on a two-roller mill (model zg-200dr, China) and

masticated for 2 min. Sequentially, 3 phr (parts per

hundred of rubber) SA, 2.5 phr S, 0.6 phr DM, 5phr

commercial microscale ZnO (c-ZnO), and 50phr CB

were added. Finally, c-ZnO/NR composite (5/100)

was obtained via refining according to the standard

formula. According to the same procedure, the

HCNFs@ZnO/NR composite (10/100) was prepared

by using 10 phr HCNFs@ZnO replaced 5phr c-ZnO.

For comparison, 5 phr and 10 phr HCNFs were

added separately to prepare HCNFs/c-ZnO/NR

(control, 5/100) and HCNFs/c-ZnO/NR (control,

10/100) and hereinafter referred to as HCNFs/NR

(5/100) and HCNFs/NR (10/100).

Material characterization

Scanning electron microscope (SEM, Vega 3 SBU,

Czech) was used to observe the surface morphologies

of HCNFs and HCNFs@ZnO. Transmission electron

microscope (Tecnai G2 F20 S-TWIN TMP, Nether-

lands) was used to observe the morphology of

HCNFs and HCNFs@ZnO.

Thermogravimetry was conducted on a thermo-

gravimetric analyzer (Q500, TA Company, USA)

under air atmosphere. The crystal type was analyzed

by using X-ray diffractometer (D2, Bruker Germany).

Meanwhile, the Debye–Scherrer formula is used to

calculate the crystal size of ZnO [28]. The inner

structure of HCNFs and HCNFs@ZnO was explored

by Raman spectrometer (Model Lab RAM HR800,

France) with 633-nm laser light. X-ray photoelectron

spectrometer with Al Ka radiation (Thermo
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Scientific) was used to analyze the surface composi-

tion and chemical valence of samples.

The vulcanization test was performed at 145 �C for

30 min using a mobile mold rheometer (GT-M2000-

A, China). According to ISO 37:2011, the mechanical

properties of rubber composites were tested on uni-

versal testing machine (RGM-50, China). The swel-

ling index was determined by using the equilibrium

swelling method, to express the crosslinking density

of rubber [29].

Dynamic mechanical analysis instrument (Q800,

USA) was used for dynamic mechanical analysis and

testing at a frequency of 1 Hz, a temperature range of

-80 �C to 80 �C, with the heating rate of 3 �C/min.

Hardness of rubber was tested by Shore durometer

(JLX-A, China).

Results and discussion

Characterization of HCNFs@ZnO hybrid

Figure 1 shows the XRD patterns of HCNFs, ZnO,

and HCNFs@ZnO. In the curves for HCNFs@ZnO

and ZnO, the characteristic peaks located at 31.8�, 34�,
36.3�, 47.5�, 56.6�, 62.9�, and those were a typical ZnO

structure of the six-sided crystal (JCPDS: 36-1451).

Moreover, the characteristic peaks located at 26� and
44� in the curves of HCNFs and HCNFs@ZnO can be

assigned to hcp-C (JCPDS: 75-1621) and fcc-Cu

(JCPDS: 04-0836), respectively. Noted that Cu was

introduced in the synthesis procedure of HCNFs, in

which Cu acts as a catalyst to promote the formation

of HCNFs. In addition, the average crystal size of

ZnO in HCNFs@ZnO is calculated to be 25.4 nm

according to the Debye–Scherrer equation, which is

lower than that of pure ZnO (39.2 nm). The result

reveals that HCNFs have a distinct effect on inhibit-

ing the grain growth of ZnO nanoparticles. Accord-

ing to the XRD pattern of HCNFs@ZnO, moreover,

the mass ratio of HCNFs to ZnO is estimated to be 52:

48 by using the quantitative analysis function of Jade

6.0 software (fitting error B 6%) [30], which is close to

the design mass ratio of HCNFs to ZnO (50: 50).

Figure 2a, b shows the SEM morphologies of

HCNFs and HCNFs@ZnO, respectively. HCNFs

exhibit a distinct helical structure with a thickness of

around 80 nm. For HCNFs@ZnO, many ZnO

nanoparticles are uniformly embedded on the surface

of the HCNFs. The TEM image is illustrated in

Fig. 2c, the HCNFs matrix maintains the helical

structure, while the ZnO nanoparticles are uniformly

loaded on the HCNFs surface with an average size of

30 nm. As shown in Fig. 2d, the lattice fringes with

an interplanar spacing of 0.281 nm and 0.162 nm can

Table 1 Formulae of the NR composites, phr

Samples c-ZnO/NR (5/100) HCNFs/NR (control, 5/100) HCNFs/NR (control, 10/100) HCNFs@ZnO/NR (10/100)

c-ZnO 5 5 5 0

HCNFs 0 5 10 0

HCNFs@ZnO 0 0 0 10

NR 100 100 100 100

SA 3 3 3 3

DM 0.6 0.6 0.6 0.6

S 2.5 2.5 2.5 2.5

CB 50 50 50 50

Figure 1 XRD spectra of HCNFs, ZnO, and HCNFs@ZnO.
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be attributed to the (100) and (110) crystal planes of

ZnO phase.

Figure 3 shows the thermogravimetric and differ-

ential thermal gravity curves of HCNFs@ZnO at air

atmosphere in the range of RT to 800 �C. As seen in it,

the weight loss of HCNFs@ZnO accelerates with the

increasing temperature, and the biggest weight loss

occurs at about 568.9 �C. More than 600 �C, TG and

DTG curves become flat, indicating that HCNFs are

entirely consumed by oxygen. Thus, it can be

deduced that the HCNFs content in HCNFs@ZnO is

51.33 wt%, which is close to the XRD result.

Raman spectra were employed to further investi-

gate the structure property of HCNFs@ZnO, as

shown in Fig. 4. For HCNFs, there are two charac-

teristic peaks located at 1322 cm-1 (D band) and

1573 cm-1 (G band), which correspond to the disor-

dered graphitic carbon and the graphite carbon,

respectively [31, 32]. Apart from these two charac-

teristic peaks of carbon, HCNFs@ZnO also contains

some characteristic peaks of ZnO. In addition, the ID/

IG values of HCNFs and HCNFs@ZnO can be calcu-

lated to be 1.004 and 1.232, respectively, revealing

that more defects are introduced into HCNFs during

the synthesis of HCNFs@ZnO.

Figure 2 SEM images of

a HCNFs, b HCNFs@ZnO,

and c, d TEM images of

HCNFs@ZnO.

Figure 3 TG-DTG curves of HCNFs@ZnO from 25 to 800 �C. Figure 4 Raman spectra of ZnO, HCNFs, and HCNFs@ZnO.
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XPS was used to analyze the valence state and the

structure information of HCNFs and HCNFs@ZnO,

as shown in Fig. 5. As can be seen, elements C, Zn,

and O present in HCNFs@ZnO (Fig. 5a). For

HCNFs@ZnO, the high-resolution Zn 2p spectra

(Fig. 5b) display the two characteristic peaks located

at 1021.6 eV and 1044.6 eV, which arise from the

contributions of Zn 2p3/2 and Zn 2p1/2, respec-

tively. Importantly, the binding energy of Zn 2p in

HCNFs@ZnO shows a slight increase of 0.3 eV com-

pared with that of pure ZnO. The positive shift of the

binding energy of Zn 2p indicates that there is the

electron transport from ZnO to HCNFs due to the

interface interaction between ZnO and HCNFs. Sim-

ilar interfacial interactions and electron transport

phenomena also appear in graphene/nitrogen, gra-

phene/TiO2, and C@TiO2 [33–36]. The high-resolu-

tion C 1 s spectra (Fig. 5c, d) exhibit four peaks

located at 284.8, 285.6, 288.4, and 290.7 eV, corre-

sponding to C–C/C=C, C–O, C=O, and COOH

groups [37], respectively. The atomic contents of four

carbon groups are listed in Table 2. Obviously,

HCNFs@ZnO exhibits higher C–O, C=O, and COOH

contents compared with pure HCNFs, which might

Figure 5 a XPS full spectra of HCNFs, ZnO, and HCNFs@ZnO; b Zn2p spectra of ZnO and HCNFs@ZnO; c C1s spectra of HCNFs;

d C1s spectra of HCNFs@ZnO.

Table 2 The atomic content

of carbon species in HCNFs

and HCNFs@ZnO

Samples C–C/C=C C–O C=O COOH

HCNFs BE value 284.8 286.0 288.5 290.8

Content (at.%) 68.29 21.67 5.06 4.99

HCNFs@ZnO BE value 284.8 286.0 288.5 290.8

Content (at.%) 53.21 35.28 7.32 5.09
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be due to the adsorption of corresponding functional

groups by hydrolysis of the precursor [38].

Figure 6 shows the fracture cross-sectional mor-

phologies of the as-prepared samples after the tensile

test. Only some CB particles can be found in the

rubber matrix for c-ZnO/NR composite (Fig. 6a). For

HCNFs/NR (5/100) composite and HCNFs/NR (10/

100) composite, the HCNFs show a high agglomera-

tion phenomenon and mutual tangles (Fig. 6b, c),

proving that single HCNFs hardly disperse evenly in

the rubber matrix. For HCNFs@ZnO/NR composite,

there is a good dispersion of HCNFs@ZnO in the NR

composite (Fig. 6d). The results reveal that ZnO

nanoparticles positively contribute to improving the

disperse state of HCNFs in the rubber matrix. In

addition, the fracture surface of a composite is rough

and uneven, and HCNFs@ZnO is wrapped by rubber

matrix, which indicates that there is a strong interface

effect between filler and rubber matrix.

Crosslinking characteristics of NR
composites

The crosslinking characteristics of NR composites

were tested on a torque rheometer. The vulcanization

rate index (CRI) and the torque difference (MH-ML)

are listed in Table 3, in which CRI is calculated

according to the following formula [39]:

CRI ¼ 100

T90 � TS2

ð1Þ

where T90 is positive vulcanization time, and TS2 is

scorch time.

The CRI value of HCNFs@ZnO/NR composite

(7.31 min-1) is about 1.40 times higher than that of

Figure 6 FESEM tensile

fracture morphographies

rubber composites with

different additives. a c-ZnO/

NR (5/100), b HCNFs/NR (5/

100), c HCNFs/NR (10/100),

and d HCNFs@ZnO/NR (10/

100).

Table 3 Crosslinking characteristics of NR composites

Samples c-ZnO/NR (5/100) HCNFs/NR (control, 5/100) HCNFs/NR (control, 10/100) HCNFs@ZnO/NR (10/100)

Ts2 (min) 2.49 2.39 2.44 1.54

T90 (min) 21.56 21.40 21.34 15.22

CRI (min-1) 5.24 5.26 5.29 7.31

ML (dN m) 1.62 1.58 1.54 0.95

MH (dN m) 15.91 16.38 16.56 17.61

MH–ML (dN m) 14.29 14.80 15.02 16.66
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c-ZnO/NR composite, revealing that HCNFs@ZnO/

NR composite has a higher vulcanization rate.

Moreover, the contribution of HCNFs to CRI is found

to be tiny. Thus, it could be concluded that the

improved CRI value for HCNFs@ZnO/NR compos-

ite mainly comes from the contribution of ZnO

nanoparticles. Comparing with that of c-ZnO/NR

composite, the maximum torque value (MH) is

increased by 16.59% for HCNFs@ZnO/NR compos-

ite, which indicates a better cure state of

HCNFs@ZnO than c-ZnO. At the same time, the

difference between maximum and minimum torques

(MH-ML) also increases from 14.29 to 16.66 dN m

with the addition of HCNFs@ZnO. As is well known,

the value of MH-ML is directly proportional to the

crosslinking density [40]. Among these four fillers,

therefore, HCNFs@ZnO is the most effective filler to

improve the crosslinking effect of NR matrix.

Figure 7 shows the swelling index results of NR

composites with HCNFs and HCNFs@ZnO additives.

The lower the swelling index is, the higher the

crosslinking density is [29]. Notably, the swelling

index has a tiny decrease after the addition of

HCNFs. When HCNFs@ZnO is added, the swell

index reaches the lowest value of 2.29, meaning a

highest degree of crosslinking. Therefore, it can be

concluded that HCNFs@ZnO is conducive to

improving vulcanization rate and crosslinking

density.

Dynamic mechanical properties of NR
composites

Figure 8 shows the storage modulus (E0) and the loss

modulus (E00) curves of the NR composites. E0 is

proportional to the maximum elasticity stored in the

rubber sample in each cycle, reflecting the elastic

component in the viscoelastic rubber. E00 is related to

the energy consumed by the rubber sample in each

cycle, reflecting the viscosity component in the rub-

ber viscoelasticity [41, 42]. As shown in Fig. 8a, the E0

of HCNFs@ZnO/NR composite is higher than

c-ZnO/NR and HCNFs/NR composite. The result

reveals that HCNFs@ZnO can improve the vulcan-

izate stored energy and resilience at low temperature,

which is crucial for rubber’s safety in some extreme

weather condition. As the temperature rises, the

rubber segments begin to become soft and the rubber

rigidity decreases gradually, resulting in the decline

of E0 [43, 44]. Moreover, HCNFs/NR composite

shows a higher E0 value than c-ZnO/NR on account

for a strong interfacial interface between HCNFs and

NR matrix. Thus, the highest E0 value of

HCNFs@ZnO/NR composite should be ascribed to

the accumulated contribution of HCNFs and ZnO

nanoparticles.

As shown in Fig. 8b, the E00 of HCNFs@ZnO/NR

composite is much higher than other NR composites

in the range of - 80 to - 40 �C. As is well known,

higher E00 means larger viscosity deformation and

bigger contact area, thereby enhancing the driving

safety of vehicles [45]. In addition, HCNFs@ZnO/NR

exhibits the lowest E00 in the range of 40–80 �C,
revealing a lowest thermogenesis among four NR

composites. HCNFs@ZnO/NR composite is believed

to achieve the long service lifetime at high-tempera-

ture area.

Figure 9a shows the tand–temperature curves of

NR composites. Generally, the internal friction value

(tand) at 0 �C is used to evaluate the wet-skid resis-

tance, while tand at 60 �C represents the rolling

resistance [18, 42]. For conventional rubber compos-

ites, it is found that the rolling resistance increases at

expense of the wet-skid resistance, and vice versa.

The tand value of HCNFs@ZnO/NR composite at

0 �C is 0.1183, surpassing those of c-ZnO/NR

(0.1047), HCNFs/NR (5/100) (0.1128), and HCNFs/

NR (10/100) composite (0.1108). Interestingly, the

tand value of HCNFs@ZnO/NR at 60 �C (0.0905) is

lower than those of c-ZnO/NR (0.1124), HCNFs/NR

(5/100) (0.1065), and HCNFs/NR composite (10/100)

(0.1035). It is obvious that HCNFs@ZnO/NR simul-

taneously improves rolling resistance and wet-skid

resistance due to its better interfacial interaction.

Figure 7 The swelling index of NR composites.
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The constrained rubber matrix (C) is introduced to

quantitatively describe the interfacial interaction,

which can be characterized by the following formula

[46, 47]:

W ¼ p tan d
p tan dþ 1

ð2Þ

C ¼ 1� ð1� C0ÞW
W0

ð3Þ

where W is specified as the energy loss fraction of

rubber, and W0 and C0 are specified as energy loss

fraction of constrained rubber and the volume frac-

tion in the c-ZnO/NR composite, respectively.

Herein, C0 is defined as 0, i.e., the C value of c-ZnO/

NR composite equals to 0. As shown in Fig. 9b, the

C value of the HCNFs@ZnO/NR composite is 0.0275,

which is 18.33 and 8.33 times higher than those of

HCNFs/NR (5/100) composite and HCNFs/NR (10/

100) composite. This result reveals that the

HCNFs@ZnO/NR composite shows the highest

interfacial interaction between HCNFs@ZnO and NR.

Meanwhile, the enhanced interfacial interaction

should mainly ascribe to the ZnO nanoparticles in

HCNFs@ZnO.

Mechanical properties of NR composites

The mechanical properties of NR composites are lis-

ted in Table 4. Compared with the c-ZnO/NR com-

posite, the tensile strength, elongation at break,

modulus at 300% elongation, and shore hardness of

the HCNFs@ZnO/NR composite increase by 14%,

11%, 6%, and 5%, respectively. In addition, HCNFs/

NR (5/100) and HCNFs/NR (10/100) exhibit the

better comprehensive mechanical properties than

c-ZnO/NR, indicating that the HCNFs can also act as

an effective reinforcement. It is pointed that with

respect of the mechanical properties, HCNFs/NR

Figure 8 a Storage modulus versus temperature curve of NR composites, and b loss modulus versus temperature curve of NR composites.

Figure 9 a Loss factor versus temperature curve and b constrained rubber matrix of NR composites.

1106 J Mater Sci (2022) 57:1098–1110



cannot hold a candle to HCNFs@ZnO/NR. In a word,

HCNFs@ZnO provides a stronger reinforcing effect

in mechanical properties of NR composites than

c-ZnO and pure HCNFs.

As shown in Fig. 10, the excellent mechanical

properties of HCNFs@ZnO/NR can be better

understood from the following aspects: (1) There is a

vital interface interaction between the HCNFs and

nano-ZnO, which significantly improves the disper-

sion of nanoscale ZnO in the NR matrix; (2) a large

amount of Zn2? anchor on the surface of HCNFs and

form metal–ligand coordination bonds; then, these

Zn2? can bridge the HCFs and NR molecules; (3)

compared to C-ZnO, ZnO nanoparticles in

HCNFs@ZnO have larger specific surface area and

provide more active sites to react with S, resulting in

higher vulcanization rate and crosslinking density.

Conclusion

In summary, helical carbon nanofiber-supported ZnO

nanoparticles (HCNFs@ZnO hybrid) were synthe-

sized via a simple in situ growth method. As a

nanofiller, HCNFs@ZnO hybrid can improve effec-

tively the vulcanization rate and the crosslinking

density of NR composite. Compared with c-ZnO/NR

composite, HCNFs@ZnO/NR composite displays a

higher vulcanization rate index (7.31 min-1 vs.

5.25 min-1) and a smaller swelling index (2.29% vs.

2.39%) due to synergistic effect of HCNFs and ZnO.

Meanwhile, tensile strength, elongation at break, and

modulus at 300% elongation of HCNFs@ZnO/NR

composite increase by 14%, 11%, and 6%, respec-

tively. In addition, HCNFs@ZnO/NR composite also

shows higher wet-skid resistance and lower rolling

resistance. Therefore, HCNFs@ZnO hybrids could be

Table 4 Mechanical properties of NR composites

Samples c-ZnO/NR (5/

100)

HCNFs/NR (control,

5/100)

HCNFs/NR (control,

10/100)

HCNFs@ZnO/NR (10/

100)

Tensile strength (MPa) 21.08 ± 0.42 21.73 ± 0.40 20.95 ± 0.78 24.04 ± 0.89

Elongation at break (%) 424.18 ± 4.38 442.67 ± 4.00 445.83 ± 4.31 470.20 ± 5.33

Modulus at 300% elongation

(MPa)

13.12 ± 0.25 13.25 ± 0.28 13.43 ± 0.21 13.89 ± 0.21

Hardness (Shore A) 70.07 ± 0.50 70.18 ± 0.78 72.47 ± 0.60 73.77 ± 0.4

Figure 10 Schematic of

interaction in HCNFs@ZnO

and NR composites.
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a promising nanofiller for high-performance nature

rubber composite.
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